ϩ T-cells in the CNS and to clarify the contribution of antigen deposition or traumatic injury to the accumulation of T-cells in the brain. We demonstrate that, after intracerebral microinjection of ovalbumin, ovalbumin-specific CD8
Introduction
The CNS is considered an immune-privileged site because of the blood-brain barrier, the lack of conventional lymphatic drainage, and low levels of major histocompatibility complex (MHC) expression (Vass et al., 1986; Fontana et al., 1987; Cserr et al., 1992) ; however, both CD4 ϩ and CD8 ϩ cells can migrate into the CNS (Hickey, 1991; Williams and Hickey, 1995; Brabb et al., 2000; Qing et al., 2000) and cause inflammation and neurodegeneration (Xiao and Link, 1999; Ransohoff et al., 2003) . The severity of inflammatory damage in the CNS is dependent on the density and localization of infiltrated T-cells (McGavern et al., 2002; McGavern and Truong, 2004) . The regulation of these processes is not yet fully understood.
It is well accepted that infections can induce homing of T-cells into the CNS. In models of myelin-induced CNS autoimmune disease, however, CD8 ϩ and CD4 ϩ T-cells can infiltrate the CNS even in the absence of an active infection. CD8
ϩ T-cells distribute diffusely through the brain parenchyma, whereas CD4 ϩ T-cells localize to perivascular inflammatory cuffs (Gay et al., 1997; Babbe et al., 2000) . Although mechanisms that regulate this distribution pattern are not clear, it has been proposed that proinflammatory cytokines, chemokines, and costimulatory molecules that are upregulated in traumatic injuries play a role in these processes (Arand et al., 2001; Lenzlinger et al., 2001; Morganti-Kossmann et al., 2001 , 2002 Swartz et al., 2001; Hensler et al., 2002; Ray et al., 2002; Fee et al., 2003 Fee et al., , 2004 Long et al., 2003) . Recently, it was also suggested that in the absence of infections, antigen expression and antigen-presenting cells could also direct the preferential localization of antigen-specific T-cells to nonlymphoid tissue (Ingulli et al., 2002; Reinhardt et al., 2003) . Understanding the effects of antigen expression and traumatic injury-related focal inflammation on the localization of CD8 ϩ T-cells in the brain could help us to define the mechanism of localized lesion formation in CNS inflammatory diseases.
We demonstrated that, after intracerebral ovalbumin (IC-OVA) microinjection, antigen drainage and transport by dendritic cells to the cervical lymph nodes are crucial in directing antigen-specific accumulation of CD8 ϩ T-cells in the brain (Ling et al., 2003; Karman et al., 2004a) . Here we established an experimental system to address the contribution of antigen localization and traumatic injury to the preferential distribution of antigenspecific CD8
ϩ T-cells in the CNS. We focused on CD8 ϩ T-cells, because they often undergo much more vigorous clonal expansion than CD4
ϩ T-cells in the CNS during autoimmune diseases including multiple sclerosis (MS) and its animal model, experimental autoimmune encephalomyelitis (Booss et al., 1983; Woodroofe et al., 1986; Hayashi et al., 1988; Gay et al., 1997; Babbe et al., 2000; Brabb et al., 2000; Sun et al., 2001) . We demonstrated that antigen-specific CD8 ϩ T-cells were recruited to antigencontaining sites as well as to sites of trauma in the brain. The mechanisms of CD8 ϩ T-cell accumulation at these two different sites are regulated differentially. The process of antigen-specific T-cell accumulation at traumatic injury sites can contribute to the pathogenesis of T-cell-mediated inflammatory diseases in the CNS.
Materials and Methods
Experimental animals. C57BL/6 female mice, 5-7 weeks old, were purchased from The Jackson Laboratory (Bar Harbor, ME). OT-I mice transgenic for a T-cell receptor recognizing OVA [257] [258] [259] [260] [261] [262] [263] [264] (SIINFEKL) peptide bound to H2-K b (OT-I) on the C57BL/6 background (Kelly et al., 1993; Hogquist et al., 1994) were provided by Dr. Kris Hogquist (University of Minnesota, Minneapolis, MN) and used at 6 -10 weeks of age. All mice were housed in a pathogen-free facility at the University of Wisconsin, Medical School Animal Care Unit. All experiments involving mice were performed in accordance with published National Institutes of Health guidelines and approved by the Committee on Animal Care, University of Wisconsin-Madison.
Tetramer, antibodies, and protein antigen reagents. MHC I-K b /SIIN-FEKL tetramer complexes conjugated with streptavidin-allophycocyanin (APC) (SIINFEKL-APC) were provided by the MHC Tetramer Core Facility, National Institute of Allergy and Infectious Diseases (Atlanta, GA). MHC I-K b /SIINFEKL tetramer complexes conjugated with streptavidin-phycoerythrin (PE) (SIINFEKL-PE) were purchased from Beckman Coulter (Fullerton, CA). Each batch of SIINFEKL tetramer complexes was titrated and normalized with OT-I splenic T-cells before use in experiments.
Antibodies anti-CD8a (clone 53-6.7; conjugated to PE, FITC, or APC), anti-interferon-␥ (IFN␥) (clone 2572311; conjugated to PE), and anti-V␣2 (clone B20.1; conjugated to FITC or APC) were purchased from PharMingen (San Diego, CA). Antibodies purified from hybridoma lines producing anti-CD11b/Mac-1 (clone M1/70; rat IgG2b), anti-CD45R/ B220 (clone RA3-6B2; rat IgG2a), anti-CD11a/CD18 [leukocyte function-associated antigen 1 (LFA-1); clone 2D7], anti-CD49d/CD29 [very late antigen-4 (VLA-4); clone PS/2], anti-CD62L (clone Mel 14), and anti-CD154 (CD40L; clone MR-1) (American Type Culture Collection, Rockville, MD) were conjugated with FITC or cyanine 5 as described previously (Fabry et al., 1992 ). An isotype control antibody, rat IgG isotype (clone 554685; conjugated to PE), was also purchased from PharMingen and used for background compensation control in cytofluorimetry and immunohistochemistry.
OVA (albumin from chicken egg white; grade 98%) and pigeon cytochrome c (PCC) proteins were purchased from Sigma (St. Louis, MO).
OVA and PCC preparations were tested for endotoxin content and showed no B-cell-activating capacity for naive splenocytes isolated from C57BL/6 mice (data not shown).
Immunization with OVA protein antigen and application of anti-CD154 antibodies. For IC antigen delivery, mice were anesthetized by intraperitoneal injection of a ketamine (90 mg/kg)-xylazine (10 mg/kg) mixture. OVA (60 g/20 l sterile PBS) or an equal volume of PBS was injected into the right frontal lobe with an insulin syringe attached to a penetrating depth controller. The injection was restricted to the ventral-posterior region of the frontal lobe and a penetrating depth of 1.5 mm from the surface of the brain. Solution was injected slowly, after which the syringe was held in place for 1 additional minute to reduce back filling of injected solution. In this study, a single IC-OVA immunization was sufficient to induce a significant OVA-specific immune response in the CNS and was used for most experiments. To dissect the effect of a small traumatic injury and an irrelevant protein antigen on the recruitment of OVAspecific CD8
ϩ T-cells into the brain, a vehicle (PBS) or an irrelevant protein antigen, PCC, was administrated. These control IC immunizations usually do not lead to a detectable OVA-specific immune response.
To boost and maximize the magnitude of an OVA-specific immune response, IC immunizations were repeated 14 d after the primary injection in these experiments.
For subcutaneous (SC) antigen delivery, 100 g of OVA diluted in 50 l of PBS was emulsified thoroughly with an equal volume of Complete Freund's Adjuvant (CFA) (Sigma). Experimental animals were injected subcutaneously into the subscapular region with the emulsified OVA (100 g/100 l), and SC-OVA immunization was repeated 14 d after the primary injection to boost the OVA-specific immune response.
For antibody treatment, mice received a single intraperitoneal injection of purified anti-CD154 monoclonal antibody (CD40L clone MR-1; 200 g/200 l of PBS) immediately after aseptic cerebral injury (ACI).
Induction of ACI. ACI, a well characterized experimental model, was induced after the standard procedure (Swartz et al., 2001) . Briefly, C57BL/6 mice were deeply anesthetized and placed on a stereotaxic instrument (Stoelting, Wood Dale, IL). The skull was exposed by a 1-to 2-cm sagittal incision in the skin, and a liquid nitrogen-chilled steel rod (3 mm in diameter), centered ϳ2 mm posterior to bregma and 1.2 mm lateral to midline on the left side, was held against the exposed intact skull for 6 s. The incision was stitched, and the mice were monitored until they awakened.
Peripheral irradiation of experimental animals. To test whether CNS persisting antigen-specific CD8
ϩ T-cells are recruited continuously from the periphery, mice received peripheral irradiation 1 week after IC-OVA immunization. Lead shielding over the head, not including the cervical area, was used to protect lymphocytes in the brain while the mice were irradiated at 900 rad with an x-ray machine. One week later, mice were killed, and lymphocytes were isolated.
To generate antigen-presenting cells for in vitro antigen presentation assays, isolated splenic lymphocytes from naive C57BL/6 mice (1 ϫ 10 7 cells per milliliter) were irradiated at 2000 rad with a Mark 1 Shepherd irradiator (J. L. Shepherd and Associates, San Fernando, CA).
Lymphocyte isolation. Seven days after the final immunization, or 2 d after ACI, experimental mice and age-matched naive mice were deeply anesthetized and perfused transcardially with PBS. Spleens, cervical lymph nodes (CLNs), and brains were dissected, weighed, and transferred into cold HBSS (Cellgro, Herndon, VA). Spleen and CLN tissues were processed to single-cell suspensions by standard methods (Qing et al., 2000) . Brain tissue was minced with scissors and processed to singlecell suspensions with a Medimachine (Becton Dickinson, San Jose, CA). Lymphocytes from brain were isolated from the interface of a 50:30% Percoll (Amersham Biosciences, Piscataway, NY) gradient as described previously . For some mice, antigen was injected into one hemisphere, and ACI was induced in the contralateral hemisphere. After these procedures, brains were dissected along the midline, two to three hemispheres with the same treatment were pooled, and lymphocytes were isolated from each group of hemispheres as described above.
Blood contamination of brain lymphocyte preparations was analyzed with proflavin staining (Rodriguez-Peralta, 1968; Brabb et al., 2000) . In these experiments, mice received intravenous administration of proflavin hydrochloride (20 g/ml, 200 l per mouse) (Sigma) and were perfused with PBS 10 min later. More than 85% of lymphocytes isolated from the brain were negative for proflavin (data not shown), indicating a very low level of contamination by blood lymphocytes.
The isolated lymphocytes were washed with cold HBSS twice and resuspended in staining buffer (HBSS containing 5% fetal bovine serum and 0.1% NaN 3 ). For each brain sample, the total number of isolated cells per gram of tissue was calculated. The phenotype of T-cells was examined by pooling lymphocytes isolated from five identically treated mice and evenly separating these cells into three or four groups for flow cytofluorimetry analysis.
Carboxyfluorescein diacetate succinimidyl ester labeling and adoptive transfer of lymphocytes. Carboxyfluorescein diacetate succinimidyl ester (CFSE) passively diffuses into cells. It is colorless and nonfluorescent until the acetate groups are removed by intracellular esterases to yield highly fluorescent carboxyfluorescein succinimidyl ester. The succinimidyl ester group reacts with intracellular amines, forming fluorescent conjugates that are retained in the cytoplasm; therefore, when cells divide, CFSE labeling is distributed equally between two daughter cells, which are half as fluorescent as the parents. As a result, each successive generation in a population of proliferating cells is marked by a halving of fluorescent intensity that is readily detected by a flow cytometer (Lyons, 1999) . Single-cell suspensions from spleens and brains of C57BL/6 or OT-I mice (2 ϫ 10 7 cells per milliliter) were incubated with 2.5 M CFSE in HBSS for 10 min at 37°C. Fetal bovine serum was added to a concentration of 20% to arrest CFSE staining. Cells washed in PBS were processed for flow cytometry analysis, in vitro rechallenge, or adoptive transfer. For adoptive transfer, 1 ϫ 10 7 cells in 200 l of PBS were injected into the tail vein of each mouse 24 h before antigen microinjection into the CNS.
Analysis of proliferation of brain lymphocytes in vitro. Proliferation of lymphocytes isolated from brains of IC-OVA-immunized or naive C57BL/6 mice was assessed. Cells from two to four mice treated identically were pooled, labeled with CFSE, placed into 96-well culture plates (1 ϫ 10 5 CFSE-stained cells per well in 200 l of medium), and cocultured with antigen-presenting cells (4 ϫ 10 5 per well; irradiated naive C57BL/6 spleen cells) in the presence or absence of 5 g/ml OVA. Three days later, cells were harvested, stained, and processed for flow cytofluorimetry analysis.
Cytofluorimetry analysis of cells isolated from brains, CLNs, and spleens. Cells (1 ϫ 10 6 isolated from spleen or CLN or ϳ5 ϫ 10 4 from brain) were incubated with monoclonal antibodies, anti-CD11b/Mac-1 (FITC), -CD45R/B220 (FITC), -CD8a (PE or APC), -V␣2 (FITC or APC), and SIINFEKL tetramer (PE or APC) for 30 -60 min on ice or at room temperature. Unlabeled antibody recognizing receptor II/III that binds the crystallizable fraction (Fc) of Ig molecule (clone 2.4G2) was used to block binding to Fc receptors.
Lymphocytes were analyzed by four-color flow cytometry (FACScalibur instrument; Becton Dickinson) for expression of intracellular proteins and cell-surface markers. Fluorescence-activated cell sorter data were analyzed with CellQuest (Becton Dickinson) or FlowJo (Tree Star, Ashland, OR). For each sample, cells were gated on the basis of positive and negative controls, and the percentage and the absolute number of CD8 ϩ T-cells and antigen-specific CD8 ϩ T-cells within the lymphocyte population were calculated.
Immunohistochemistry analysis and confocal microscopy. Mice under deep anesthesia were perfused with sterile PBS followed by 2% paraformaldehyde in PBS. Brains were postfixed in 2% paraformaldehyde in PBS and sectioned at 50 m intervals with a vibratome. Free-floating sections were collected and costained with antibodies to CD8 and SIINFEKL tetramers (60 min on ice), according to the protocol provided by the MHC Tetramer Core Facility, National Institute of Allergy and Infectious Diseases. CD8
ϩ T-cells and SIINFEKL ϩ cells were detected immunocytochemically in a series of sections, and their distribution was examined and imaged with a Bio-Rad MRC 1000 confocal laser scanning microscope (Bio-Rad, Hercules, CA) at 100 -200ϫ magnification. Digital data were exported into Adobe Photoshop (version 5.0) for further analysis and presentation. To visualize individually labeled cells and obtain semiquantitative data regarding the number of labeled cells among different brain regions, images (96 ϫ 96 m) were taken from the center of the IC-OVA injection, an anatomically correspondent area in the contralateral cerebral cortex, or the border region of the ACI on two series of sections of each brain (two mice in each group), under 1000ϫ magnification. CD8
ϩ and SIINFEKL ϩ single-or double-positive cells on each image were counted, and the group mean number of cells per square millimeter was calculated.
Statistical data analysis. Data were analyzed statistically with two-tailed t test. All values were expressed as mean ϮSE.
Results

Intracerebral antigen delivery is required for antigen-specific CD8
؉ T-cell recruitment into the brain We have demonstrated previously that antigen-specific CD8 Subcutaneous antigen deliveries (SC-OVA) or IC-PBS injections did not increase the antigen-specific T-cell frequency or absolute number in the brain (Fig. 1) . In parallel, when mice received IC-PCC, an irrelevant protein antigen, the number of CD8 ϩ T-cells (Fig. 1 , dots in top left quadrant of each plot) increased significantly in the brain (more than 10-fold higher than that with IC-PBS), but without any detectable change in OVA-specific cells (SIINFEKL ϩ ). Altogether these data indicate that both SC-and IC-OVA immunization can induce an antigen-specific immune response in peripheral lymphoid organs, but newly expanded and activated CD8 ϩ T-cells do not migrate into the brain parenchyma without the presence of their specific (cognate) antigen in the brain. These data also suggest that local cognate antigen is necessary for the recruitment of antigen-specific CD8 ϩ T-cells into the brain parenchyma, and peripheral activation itself, or a small-needle traumatic injury induced by PBS injection, is not sufficient to induce an accumulation of CD8 ϩ T-cells in the brain. An IC immunization with PCC did not increase any recruitment of OVA-specific CD8
ϩ T-cells, further confirming that IC T-cell recruitment was antigen specific. 
Antigen-specific CD8
؉ T-cells enter the CNS after proliferation cycles in peripheral lymphoid organs Antigen-specific CD8 ϩ T-cells were recruited into the brain after IC protein injection, but it was not clear whether these antigenspecific T-cells expanded in the peripheral lymphoid organs in response to the presentation of antigen drained from the brain before their migration into the CNS or proliferated in the brain tissue in response to local antigen presentation. To address this concern, lymphocytes were isolated from OT-I mice and labeled with CFSE. OT-I mice are transgenic for a T-cell receptor recognizing OVA 257-264 (SIINFEKL) peptide bound to H2-K b (Kelly et al., 1993; Hogquist et al., 1994) . In these mice, therefore, the number of OVA-specific CD8 ϩ T-cells is Ͼ20 times higher than that in wild-type mice. CFSE ϩ OT-I cells were injected into the tail vein of C57BL/6 mice, and protein antigen (OVA) was injected intracerebrally 24 h later. Proliferation and localization of CFSE ϩ OVA-specific CD8 ϩ T-cells were analyzed by cytofluorimetry, as shown in Figure 2 . One day after IC-OVA injection, adoptively transferred (CFSE ϩ ) OVA-specific (SIINFEKL ϩ ) CD8
ϩ T-cells appeared in the CLN and the spleen; however, there were no detectable CFSE-labeled cells in the brain at the same time. By 3 d after IC-OVA injection, adoptively transferred OT-I T-cells that had undergone multiple proliferation cycles were detected in higher numbers in the CLNs and with lower frequency in the spleen. At the same time, OT-I cells also appeared in the brain, but only cells that had already proliferated were found. Interestingly, 4 d later (day 7), all OT-I cells recovered from the brain showed an additional one to two cycles of proliferation (Fig. 2) .
These data indicate that antigen-specific T-cells accumulate in the brain after peripheral expansion, and these cells also may be capable of further proliferation in situ in the brain tissue presumably in response to cognate antigen presentation by resident antigen-presenting cells.
Antigen-specific CD8 ؉ T-cells preferentially localize to sites of cognate antigen deposition in the brain
We have demonstrated that OVA-specific CD8 ϩ T-cells were recruited into the brain parenchyma after IC-OVA immunization. To define the localization pattern of these infiltrated CD8 ϩ T-cells in the brain, we analyzed the distribution of both OVAspecific and nonspecific CD8 ϩ T-cells in brain sections 7 d after a single IC-OVA immunization. SIINFEKL tetramer reagent and anti-CD8 antibody were used in this confocal microscopy study to identify individual OVA-specific and nonspecific CD8 ϩ T-cells and to demonstrate the distribution of these cells in the brain (Fig. 3A-D) . We also quantitatively analyzed the number of antigen-specific CD8
ϩ T-cells in each hemisphere with cytofluorimetry (Fig. 3F ) . Cells isolated from brain hemispheres containing antigen injection sites were compared with those isolated from the noninjected contralateral cerebral cortical area (Fig.  3E) . In brains of nonimmunized C57BL/6 mice, OVA-specific CD8 ϩ T-cells were undetectable by both cytofluorimetry analysis (Ling et al., 2003) and immunocytochemical-confocal analysis (data not shown). Antigen-specific CD8
ϩ T-cells densely accumulated at the OVA microinjection site and were rarely detected in the contralateral brain hemisphere (Fig. 3 A, B) . In parallel with the visible localization of antigen-specific T-cells at the injection site, there was a significant increase in the percentage of both CD8 ϩ and tetramer ϩ cells in the injected hemisphere as compared with the control brain hemisphere (Fig. 3F ). In the cortical area contralateral to the antigen injection site, SIINFEKL tetramer ϩ cells were not detected, although a small number of nontetramer-specific CD8 ϩ T-cells were scattered in the tissue (Fig. 3 A, C) . For further comparison, we counted and calculated the mean number of labeled cells per square millimeter (Fig.  3A-D , number at bottom left) in the center of the injection site and in an anatomically similar area of the contralateral cerebral cortex. These digital data, derived from selective and relatively small brain areas (4 ϫ 96 ϫ 96 m), provided only semiquantitative information and did not represent the total number of lymphocytes in the brain hemisphere. Even with these restrictions, our data indicated a significant difference in the number of CD8 ϩ and SIINFEKL ϩ cells between the antigen-containing and antigen-free regions in the brain. There was an increase in the number of CD8 ϩ T-cells of Ͼ20-fold and an increase in the number of antigen-specific (SIINFEKL ϩ ) CD8 T-cells of Ͼ700-fold in the antigen-containing site.
Together, these immunocytochemical and cytofluorimetric analyses indicate that antigen-specific CD8 ϩ T-cells preferentially localize to cognate antigen-containing sites in the brain and do not distribute throughout the tissue, likely because of antigen retention by local antigen-presenting cells after IC injection
The persistence of antigen-specific CD8
؉ T-cells in the CNS is not dependent on their continuous replenishment from the periphery and is not reduced by blocking CD154 We have shown that, after IC-OVA immunization, OVA-specific CD8 ϩ T-cells expanded in the periphery, and newly proliferated cells were recruited into the brain parenchyma. Next we asked whether these cells were recruited continuously from the periphery or persisted in the brain. Experimental animals received peripheral irradiation at a dosage sufficient to abolish cell proliferation in peripheral lymphoid organs, including the CLNs, 7 d after a single IC-OVA immunization, when recruitment of OVAspecific CD8
ϩ T-cells to the brain had reached its peak level. One week after irradiation, the percentage of antigen-specific cells within the CD8 ϩ T-cell population and the mean number of Figure 2 . Antigen-specific T-cells accumulate in the brain after completing multiple proliferation cycles in the periphery. C57BL/6 mice received an IC-OVA immunization 24 h after intravenous transfer of 1 ϫ 10 7 spleen cells isolated from naive OT-I mice and stained with CFSE as described in Materials and Methods. Lymphocytes were isolated from spleens, CLNs, and brains 1, 3, or 7 d after IC-OVA immunization and stained with K b /SIINFEKL tetramers and antibodies to CD8. The histograms are gated on viable CD8
ϩ CFSE ϩ SIINFEKL ϩ cells (adoptively transferred OT-I cells). Data presented are representative analyses from 12 mice in two independent experiments.a lymphocytes isolated from each spleen and brain were measured and compared with nonirradiated mice given the same immunization. Figure 4 shows that the peripheral irradiation did not reduce either the percentage of CD8 ϩ T-cells that were OVAspecific (Fig. 4, left cytofluorimetry panels) or the total number of brain lymphocytes (Fig. 4, left histogram) . Although the percentage of antigen-specific cells CD8
ϩ T-cells in the spleen did not change significantly (Fig. 4 , right cytofluorimetry panels) (from 0.3 to 0.7%), the total number of lymphocytes in the spleen was significantly reduced after irradiation (Fig. 4, right histogram) , indicating increased cell death and abolished cell proliferation as a result of irradiation. These results indicate that once recruited into the brain, OVA protein-specific CD8 ϩ T-cells can persist in situ for an extended period of time without continual replenishment from peripheral lymphoid organs.
It has been suggested that CD40 -CD154-mediated interactions are crucial for antigen-specific T-cell activation and in developing T-cell-mediated inflammation in the CNS (Darabi et al., 2004) . To directly assess the role of CD154-mediated interactions in the persistence of CD8 ϩ T-cells in brain, we inhibited CD40 -CD154 interactions by intraperitoneal injection of anti-CD154 antibodies 7 d after IC-OVA, when the recruitment of OVAspecific CD8
ϩ T-cells has saturated. It has been known that in- traperitoneally injected anti-CD154 can access the CNS and inhibit microglia-induced T-cell activation (Tan et al., 2002) . Two days after anti-CD154 antibody treatment, CD8 ϩ SIINFEKL ϩ T-cells in the brain hemisphere containing cognate antigen were analyzed quantitatively. A single treatment significantly reduced both the percentage and the absolute number of antigen-specific CD8 ϩ T-cells in the brain (Fig. 5) . Altogether, these data indicate that the persistence of antigenspecific CD8
ϩ T-cells in the antigen-containing site in the CNS is regulated by interactions mediated via CD154 molecules, in addition to the presence of cognate antigens.
Antigen-specific CD8 ؉ T-cells express an activated phenotype in the brain and respond to antigenic recall stimulation by proliferation
It has been suggested that only peripherally activated T-cells are capable of migrating into the CNS; however, this statement has come under recent scrutiny, because the migration of nonactivated T-cells into the brain has also been demonstrated (Brabb et al., 2000) . It has also been reported that antigen-specific T-cells may become anergic after being recruited into the CNS, which is an inhibitory environment for lymphocyte activation (Matsumoto et al., 1993; Irani et al., 1997; Brabb et al., 2000) . To directly assess the activation status of infiltrated cells in our model, CD8 ϩ T-cells isolated from the brains of OVA-microinjected animals were analyzed for the expression of the surface T-cell activation markers CD62L, CD11a/CD18 (LFA-1), and CD49d/CD29 (VLA-4). Seven days after IC-OVA immunization, only ϳ1% of CD8 ϩ T-cells in the spleen were OVA specific (SIINFEKL ϩ ), whereas Ͼ60% of brain isolated CD8
ϩ T-cells bound SIINFEKL tetramers, indicating a significant accumulation of antigenspecific T-cells in the brain (Fig. 6 A) in the absence of a global increase of OVA-specific CD8
ϩ T-cells. In the spleen, most CD8 ϩ cells showed a CD62L high , an LFA-1 low , and a VLA-4 low naive phenotype (Fig. 6 A, left panels) . In contrast, most brain CD8 ϩ T-cells, including SIINFEKL Ϫ cells, expressed a CD62L low -, an LFA-1 high -, and a VLA-4 high -activated phenotype (Fig. 6 A, right panels) . These data demonstrate that in this experimental system, most of the brain-accumulating antigen-specific CD8 ϩ T-cells carried an activated phenotype (91.5% are CD62L low , 97% are LFA-1 high , and 88% are VLA-4 high ). To study whether antigen-specific CD8 ϩ T-cells could respond to secondary antigenic stimulation, we isolated these cells from the brain 7 d after a single IC-OVA microinjection and restimulated them in a recall response with OVA in the presence of irradiated antigen-presenting cells. Figure 6 B shows that brain-originated antigen-specific T-cells were capable of further proliferation in vitro, suggesting that these cells were functionally responsive; however, when intracellular IFN␥ staining was performed, Ͻ2% of the brain CD8 ϩ and SIINFEKL ϩ cells produced IFN␥ in response to stimulation (data not shown).
These data indicate that OVA-specific CD8 ϩ T-cells that accumulated in the brain after IC-OVA injection have an activated phenotype and are capable of proliferation in vitro after contact with their specific antigen, but produce little if any IFN␥.
Antigen-specific CD8
؉ T-cells also accumulate at sterile traumatic injury sites in the brain In the previous experiment, we have shown that antigen-specific CD8 ϩ T-cells preferentially migrate into the cognate antigencontaining injection site in the brain. To dissect the effect of sterile trauma in the absence of antigen presentation versus presented cognate antigen in CD8 ϩ T-cell localization in the brain, ACI was induced on the contralateral hemisphere 7 d after OVA microinjection, when the brain recruitment of OVA-specific CD8 ϩ T-cells had reached saturation (Ling et al., 2003) . As described previously, ACI resulted in an inflammatory site in the brain where chemokines, cytokines, and complement components were upregulated (Swartz et al., 2001; Fee et al., 2004) . Two days after ACI induction, the distribution of antigen-specific CD8 ϩ T-cells in both hemispheres was analyzed in a manner similar to that described in Figure 3 . In brains of mice with IC- OVA and ACI, increased numbers of CD8 ϩ T-cells were seen in both the IC-OVA injection site and the ACI site (Fig. 7A) , where no accumulation was observed in uninjected control brains (data not shown), although the density of CD8 ϩ T-cells was relatively lower in the ACI site than in the IC-OVA injection site. Similar to the mice that received IC-OVA only, in the injected hemisphere, CD8
ϩ T-cells preferentially accumulate in the injection site and were mostly SIINFEKL ϩ (Fig. 7A, top right panel) . Fewer CD8 ϩ T-cells in the ACI site were SIINFEKL ϩ (Fig. 7A, top left panel) , suggesting that OVA-specific CD8 ϩ T-cells were also capable of localizing to areas of inflammation in the absence of cognate antigen presentation in the brain. The mean number of labeled cells per square millimeter (the number in each image) was again calculated from limited, selected, and anatomically similar areas (4 ϫ 96 ϫ 96 m) (Fig. 7 , central area of black bars in the schematic diagram) to show a significant effect of IC-OVA and ACI on T-cell accumulation. Compared with mice that received IC-OVA only (Fig. 3, left panel) , ACI resulted in a significant increase of CD8 ϩ T-cells and OVA-specific (SIINFEKL ϩ ) T-cells in the hemisphere without IC-OVA (Fig. 7C) . Cytofluorimetry analyses further indicated that both OVA-specific and nonspecific CD8 ϩ T-cells were able to access a small sterile trauma inflammatory site in the brain, although more OVA-specific CD8
ϩ T-cells remained at the antigen site (Fig. 7B ). These data indicate that although OVA-specific CD8 ϩ T-cells preferentially accumulate at antigen presentation sites, they also localize to sterile injury sites in the absence of in situ cognate antigen.
The accumulation of antigen-specific CD8
؉ T-cells at sterile trauma sites cannot be suppressed with anti-CD154 antibody injection We have shown in Figure 5 that the persistence of antigen-specific CD8 ϩ T-cells in the antigen-containing site was suppressed by anti-CD154 antibody treatment. To investigate the involvement of CD154-mediated interactions in the accumulation of antigenspecific CD8 T-cells in traumatic injury sites, ACI was induced on the contralateral hemisphere 7 d after OVA microinjection, and the accumulation of antigen-specific CD8 ϩ T-cells was analyzed after a single anti-CD154 antibody treatment. Surprisingly, neither the percentage nor the absolute number of antigen-specific CD8 ϩ T-cells at the ACI site was significantly affected by this treatment (Fig. 8) . These data suggest that the accumulation of antigen-specific CD8 ϩ T-cells in cognate antigen-expressing or trauma-induced inflammatory sites is regulated by different mechanisms: one involves CD154 molecular interactions, whereas the other does not.
Discussion
Our study was designed to evaluate the contribution of cognate antigen and traumatic injury to the accumulation of antigenspecific CD8
ϩ T-cells in the CNS under noninfectious conditions. We immunized mice with OVA, a soluble protein antigen. OVA is capable of eliciting a strong immune response, including the clonal expansion of OVA-specific CD8 ϩ and CD4 ϩ T-cells, through various routes of immunization; therefore, it has been widely used in studies of mechanisms that regulate immune responses (Kelly et al., 1993; Hogquist et al., 1994) . We show here that after IC-OVA immunization, the localized retention of cognate antigen (IC-injected OVA) directs the recruitment and preferential localization of OVA-specific CD8
ϩ T-cells to the CNS. Small sterile traumatic injury itself does not induce a detectable recruitment of CD8
ϩ T-cells in the brain; however, preactivated antigen-specific CD8 ϩ T-cells can localize to sites of traumatic injury in the brain.
Previously, we have shown that intracerebrally microinjected OVA protein was retained in CD11b ϩ cells at injection sites in the brain (Ling et al., 2003) . In this study, we demonstrate that antigen-specific CD8 ϩ T-cells preferentially accumulate at the same location. This result indicates that the local persistence of cognate antigen and antigen-presenting cells is critical for T-cell homing to and accumulation in the CNS as well as to other nonlymphoid organs (Calzascia et al., 2005; Obst et al., 2005) . Whether CNS-accessing T-cells are mostly activated or naive has been the focus of multiple investigations. Our data demonstrate that regardless of their specificity, most of the brain-infiltrating antigen-specific CD8 ϩ T-cells are activated, based on the expression of VLA-4 high , LFA-1 high , and CD62L low (Fig. 5) ; however, systemic activation of antigen-specific T-cells leads to their accumulation in the brain only when their cognate antigen is present. IC immunization is required for recruitment of protein antigenspecific CD8
ϩ T-cells to the brain parenchyma. It has been suggested from studying other nonlymphoid tissues that the route of immunization is crucial for the preferential homing of T-cells (Azukizawa et al., 2003; Itano et al., 2003; Mullins et al., 2003) . In agreement, our data also suggest that the route of immunization is an important factor in regulating T-cell migration into the brain.
After IC immunization, antigen-specific CD8 ϩ T-cells access the brain after multiple proliferation cycles in the periphery (Fig.  2 ) in response to drainage of brain protein antigen (Ling et al., 2003) and to migration of antigen-pulsed dendritic cells from the brain to the CLNs (Karman et al., 2004b) . After migrating into the CNS, these antigen-specific CD8 ϩ T-cells may also proliferate in situ (Fig. 2) . Antigen-specific CD8 ϩ T-cells can persist in the CNS for a long period of time without inducing any detectable inflammation (Ling et al., 2003) (data not shown). When these cells are isolated from the brain and rechallenged in vitro by their specific antigen, they are capable of proliferating (Fig. 6 B) . These results suggest that with optimal stimuli, brain protein antigen-specific CD8 ϩ T-cells could be activated in vivo and participate in the amplification of T-cell-mediated immune responses in the CNS.
In addition to accumulating in the cognate antigen retention site, activated protein antigen-specific CD8 ϩ T-cells can also accumulate at traumatic injury sites. Although their accumulation is much more prominent at cognate antigen-containing sites, a significantly increased number of antigen-specific T-cells can be observed at trauma sites. These antigen-specific T-cells have most likely migrated from cognate antigen-expressing sites. This conclusion is based on the fact that ACI was induced 7 d after antigen microinjection into the brain, and, at this time, the frequency of antigen-specific CD8 ϩ T-cells returns to the preimmunization levels in peripheral lymphoid organs but remains constantly high in the brain (Ling et al., 2003) . These antigen-specific T-cells persist in the brain without continuous replenishment from the periphery and preferentially accumulate in cognate antigen retention sites. The factors that are possibly involved in the migration of activated CD8 ϩ T-cells from an antigen site to trauma sites in the brain are presently unknown. It is generally accepted that accumulation and localization of antigen-specific T-cells to antigen-containing sites are promoted by locally activated antigen-presenting cells. In agreement with this, we have shown that OVA-specific CD8 ϩ T-cells preferentially accumulate in the IC-OVA injection site (Figs. 1, 2) , where OVA has been processed and internalized by local antigen-presenting cells (Ling et al., 2003) . Because proteolyzed OVA (indicating antigen presentation) is restricted mainly to the injection site and not detectable in the contralateral cortex where ACI is induced (Ling et al., 2003) , it is unlikely that the initial migration of antigen-specific CD8 ϩ T-cells to trauma sites in the brain is supported by antigenpresentation processes. Consistent with this notion, the accumulation and persistence of antigen-specific T-cells at trauma sites were not inhibited by blocking the CD154 costimulatory molecule (Fig. 8) . CD40 -CD154 interactions have been proposed to be critical in T-cell-mediated inflammation in the CNS (Darabi et al., 2004) . CD40 is a transmembrane glycoprotein expressed by a large variety of antigen-presenting cells, including dendritic cells, macrophages, and microglia (Tan et al., 1999; Quezada et al., 2004) . Its ligand, CD154 (CD40L), is an integral membrane protein expressed on activated, but not resting, T-cells (Bourgeois et al., 2002) . During binding antigen, APCs upregulate CD40 expression and consequently present antigen to antigen-specific T-cells. Engagement of CD40 -CD154 between APCs and activated antigen-specific T-cells induces the upregulation of costimulatory molecules and triggers cognate T-cells to expand clonally and to differentiate into effector cells. Likewise, the interruption of CD40 -CD154 engagement may result in inadequate antigen presentation or T-cell tolerance (Quezada et al., 2004) . Our data indicate that the persistence of antigen-specific CD8 ϩ T-cells in an antigen-containing site in the CNS is regulated by interactions mediated via CD154 molecules, but the migration of brain antigen-specific CD8
ϩ T-cells into trauma sites is independent of CD154-mediated interactions. This observation suggests that anti-CD40 -CD154 blocking approaches proposed for T-cell-mediated CNS inflammatory diseases should be reevaluated when T-cell migration into trauma sites would need to be inhibited.
The function of protein antigen-specific T-cells at traumatic injury sites in the brain is somewhat controversial. Evidence indicates that injury-directed migration of T-cells would be beneficial in the chronic phase of traumatic injury healing processes in the CNS (Serpe et al., 1999 (Serpe et al., , 2000 (Serpe et al., , 2003 Hauben et al., 2000; Moalem et al., 2000; Schwartz, 2001; Hofstetter et al., 2003) . It has been shown that after peripheral myelin basic protein immunization, both myelin basic protein-specific and nonspecific T-cells infiltrate the CNS and preferentially migrate to the site of traumatic injury. These T-cells produce multiple neurotrophic factors and dramatically reduce the loss of neurons around the injury sites (Hammarberg et al., 2000) . After facial nerve transection, CNS antigen-specific CD4 ϩ T-cells are recruited to facial nucleus and promote facial motoneuron survival, but non-CNS antigen-specific CD4 ϩ T-cells fail to provide any support (Byram et al., 2004) , suggesting that the protective function of T-cells may be antigen specific in the CNS.
In addition to their neuroprotective role, activated T-cells can also potentially exert neurodegenerative actions, as demonstrated by the demyelination in multiple sclerosis (a CNS autoimmune disease) (Carson, 2002; Yan et al., 2003; Nitsch et al., 2004; Aktas et al., 2005) and by the increased damage during the acute phases of traumatic brain injury (Fee et al., 2003; Hofstetter et al., 2003) . Altogether these studies suggest a "double-edged sword" effect of antigen-specific T-cells in the CNS. The accumulation of protein antigen-specific CD8 ϩ T-cells in traumatic injury sites may contribute to the focal appearance of lesions in the CNS in T-cell-mediated inflammation. The initial step in developing these lesions may be the induction of chemokines and proinflammatory mediators produced at trauma sites by endothelial cells of the blood-brain barrier and by infiltrating mononuclear cells (Whitney et al., 1999; Liu et al., 2001; Hulshof et al., 2002; Sorensen et al., 2002) . The production of proinflammatory cytokines (such as interleukin-12-p35 and interleukin-6), chemokines [such as RANTES (regulated upon activation, normal T-cell expressed and secreted), Eotaxin, MIF (macrophage mi-gration inhibitory factor), and MCP-1 (monocyte chemoattractant protein 1)], and complement activation products (such as C3 and C5) has been clearly demonstrated at brain trauma sites (Swartz et al., 2001; Fee et al., 2003 Fee et al., , 2004 . Many of these mediators may potentially affect T-cell migration. Undoubtedly, injuries in the CNS can trigger an inflammatory process involving the infiltration of leukocytes to the parenchyma. In various experimental models, circulating leukocytes adhere to the vascular wall through adhesion molecules, particularly vascular cell adhesion molecule 1 (VCAM-1) ; however, blockage with anti-VCAM-1 antibody did not influence cellular infiltration at traumatic injury sites in the brain (Justicia et al., 2005) . This latter finding supports our hypothesis that leukocyte infiltration at traumatic injury sites is less influenced by adhesion molecules. Because of this unregulated infiltration, these cells might behave differently from those leukocytes that are more dependent on adhesion molecules for infiltration.
The accumulation of T-cells in the brain may contribute to the induction of T-cell-mediated inflammatory diseases in the CNS. Understanding the mechanisms that regulate such accumulation will help us to control these diseases. For example, it has been proposed that there is an early low-grade phase of MS lesion formation when the recirculation of lymphocytes is moderately enhanced, probably because of a low-grade vessel injury. This early low-grade infiltration profoundly influences the late phase of the disease and leads to an extensive immunopathology that is focused on the target organ, the CNS (Traugott, 1989) . Factors leading to localized vessel injuries and early low-grade accumulation of T-cells in MS are not well understood. The result of this study provides information about possible causes of the early low-grade T-cell infiltration; thus it may accelerate the development of new therapeutic treatment to terminate or reduce the later phase of MS. In conclusion, our data indicate that protein antigen-specific CD8 ϩ T-cells localize to cognate antigenexpressing sites and persist for an extended period of time without inducing further inflammation in the CNS. These antigenspecific CD8 T-cells can respond to a sterile injury in the CNS by migrating to trauma sites. Their accumulation at a trauma site in the brain may contribute to the induction of T-cell-mediated inflammatory diseases in the CNS.
